The dysbindin-1 and neuregulin-1 (NRG-1) genes are related to schizophrenia. Expression studies in postmortem brains have revealed lower expression of dysbindin-1 and higher expression of NRG-1 in brain tissue from subjects with schizophrenia. In addition to the difficulty of sampling, the use of postmortem brain tissues is not ideal because these tissues are heterogeneous with respect to biochemical parameters, lifetime history of medications and physiological status at the time of death. In contrast, medication and environmental influences that could mask the genetic basis of differences in RNA expression are removed in immortalized lymphocytes by culturing. Only a few microarray analysis studies using immortalized lymphocytes in schizophrenia have been reported, and whether immortalized lymphocytes are an appropriate alternative to neuronal tissue remains controversial. In this study, we measured the mRNA expression levels of dysbindin-1, NRG-1 and two other genes (NPY1R and GNAO1) in immortalized lymphocytes from 45 patients with schizophrenia and 45 controls using real-time quantitative reverse transcriptase-PCR. No difference was observed between patients and controls with respect to the expression of dysbindin-1, NRG-1, NPY1R or GNAO1 gene. Our findings suggest that the gene expression profile of immortalized lymphocyte from schizophrenic patients is different from that in postmortem brain tissue at least with respect to the dysbindin-1 and NRG-1 genes. 
INTRODUCTION
Schizophrenia is a complex genetic disorder that is characterized by profound disturbances of cognition, emotion and social functioning. It affects B1% of the general population world wide. The dysbindin-1 and neuregulin-1 (NRG-1) genes are related to schizophrenia, 1 and the dysbindin-1 gene is also associated with cognitive functions. [2] [3] [4] Furthermore, the Sandy mouse, which expresses no dysbindin-1, has been reported to have behavioral abnormalities, cognitive deficits and a synaptic dysfunction that is related to the pathophysiology of schizophrenia. [5] [6] [7] Identified risk variants of NRG-1 are associated with the reduced white matter volume that is observed in schizophrenic brains. 8 The NRG-1 gene spans 1.2 Mb 9 and gives rise to many structurally and functionally distinct isoforms, through alternative promoter usage. These isoforms are divided into three classic groups: 10 type I (previously known as acetylcholine receptor inducing activity, heregulin or neu differentiation factor), type II (glia growth factor) and type III (cysteine-rich domain containing), which are based on distinct amino termini. Additional NRG-1 5¢ exons have recently been identified, giving rise putatively to novel NRG-1 types IV-VI in the human brain. 11 Transgenic mice that overexpress NRG-1 type I, the expression of which is reported to be increased in the schizophrenic brains, 12 have a tremor, show impaired ability on the accelerating rotarod and have reduced prepulse inhibition. 13 Expression studies in postmortem brains have also revealed lower expression of dysbindin-1 and higher expression of NRG-1 type I, in subjects with schizophrenia. 12, [14] [15] [16] Postmortem brain tissues are necessary for determining the pathophysiology of schizophrenia. Many gene expression studies have been conducted using postmortem brain tissues. These studies have demonstrated increased expression of genes involved in presynaptic function 17, 18 and the downregulation of myelination-related genes. 19, 20 Although there is some agreement across these studies, there has been a lack of consistency because of the varying characteristics of postmortem brain tissues. Postmortem brain tissues are not easy to obtain. Moreover, postmortem brain tissues are quite heterogeneous with respect to biochemical parameters, lifetime history of medications and physiological status at the time of death and sampling.
In contrast, medication and environmental influences that could mask the genetic basis of differences in RNA expression may be removed in immortalized lymphocytes by culturing. Immortalized lymphocytes can be readily obtained, in contrast to postmortem brain tissues, thereby allowing larger case-control expression studies with optimal matching on key variables such as age and sex. The gene expression profile of whole blood has been shown to have moderate degree of similarity to that of the central nervous system among 79 human tissues. 21 For these reasons, immortalized lymphocytes are good tools for determining the effect of genetic risks or drug treatment on gene expressions. Disrupted in schizophrenia 1 and a serotonin transporter polymorphism have been reported to have effect on their gene expressions in immortalized lymphocytes from bipolar disorder patients. 22, 23 The effect of lithium on gene expression was also investigated in immortalized lymphocytes from bipolar disorder patients. 24 However, only a few microarray analysis using immortalized lymphocytes from patients with schizophrenia have been reported. [25] [26] [27] Whether immortalized lymphocytes are an appropriate alternative to neuronal tissue remains controversial.
A recent study using microarray analysis has shown that the expression levels of dysbindin-1 isoform A and the NRG-1 type II GGF2 isoform in immortalized lymphocytes are lower in patients with schizophrenia than in controls. In contrast, the expression of the NRG-1 type II GGF isoform was not significantly different between patients with schizophrenia and controls. 28 In this study, the expression profiles of dysbindin-1 and NRG-1 in immortalized lymphocytes were partly consistent with those in postmortem brains. However, a limited number of subjects were used, and a limited number of dysbindin-1 and NRG-1 isoforms was observed, therefore whether the expression profile of dysbindin-1 and NRG-1 in immortalized lymphocytes is consistent with that in the postmortem brain remains controversial.
In this study, we used approximately four times as many subjects as the previous study. We observed the total expression of dysbindin-1 and NRG-1 (that is, the combined expression of all isoforms), which had previously been observed in a postmortem brain, 12, [14] [15] [16] to determine whether immortalized lymphocytes are a good tool to determine the effect of genetic risks of dysbindin-1 and NRG-1 on their expression and whether immortalized lymphocytes are an appropriate alternative to neuronal tissue.
MATERIALS AND METHODS Subjects
In all, 45 Japanese patients with schizophrenia and 45 healthy Japanese control subjects participated in this study. Patients were recruited at Osaka University Hospital. Controls were recruited by local advertisements in Osaka.
Consensus diagnosis was made for each patient by at least two trained psychiatrists, according to the Diagnostic and Statistical Manual of Mental Disorders, Fourth Edition, criteria using the structured clinical interview for Diagnostic and Statistical Manual of Mental Disorders, Fourth Edition (severe combined immunodeficiency). Controls were psychiatrically, medically and neurologically healthy volunteers who were not receiving psychiatric medication and had no first-or second-degree relatives with psychoses. Controls were screened for psychiatric disease with the non-patient edition of the modified structured clinical interview for the Diagnostic and Statistical Manual, Fourth Edition, Axis I disorders (severe combined immunodeficiency-I/non-patient). Symptoms of schizophrenia were assessed using the positive and negative syndrome scale. The clinical and demographic characteristics of all subjects are presented in Table 1 . Patients and controls were matched for age and sex. All patients were treated with antipsychotics.
Immortalized lymphocytes and RNA extraction
The isolation of lymphocytes from the blood and immortalization using Epstein-Bar virus were performed by the Special Reference Laboratories (Tokyo, Japan). Immortalized lymphocytes from 45 patients with schizophrenia and from 45 controls were grown in culture media supplemented with 20% fetal bovine serum. Total RNA was extracted from cell pellets using the RNeasy mini kit (QIAGEN KK, Tokyo, Japan). The yield of total RNA was determined by measuring the absorbance at 260 nm, and the quality of the total RNA was analyzed using agarose gel electrophoresis.
DNase treatment and reverse transcription
Total RNA was treated with DNase to remove contaminating genomic DNA using the DNase Treatment & Removal Reagents (Ambion, Austin, TX, USA) according to the manufacturer's protocol. Total RNA (10 mg) treated with DNase was used in a 50 ml reverse transcriptase (RT) reaction to synthesize complementary DNA using the SuperScript first-strand synthesis system for reverse transcriptase-PCR (RT-PCR; Invitrogen, Carlsbad, CA, USA), according to the manufacturer's protocol. Briefly, total RNA (10 mg) was denatured in the presence of 1 mM deoxyribonucleotide triphosphates and 5 ng ml -1 random hexamers at 65 1C for 5 min. After the addition of RT buffer, MgCl 2 (5 mM final concentration), dithiothreitol (10 mM final concentration), RNAseOUT recombinant ribonuclease inhibitor (100 U) and SuperScriptIII RT (125 U), the reaction mixture was incubated at 25 1C for 10 min, at 42 1C for 40 min and at 70 1C for 15 min. RNase H (5 U) was added to the reaction mixture, and then the mixture was incubated at 37 1C for 20 min to stop the reaction. Dysbindin-1 and NRG-1 expression in lymphoblasts H Yamamori et al
Oligonucleotide and primer design
The TaqMan Pre-Developed Assay Reagent kit (Applied Biosystems, Foster City, CA, USA) was used for the analysis of two housekeeping genes, b-actin and glyceraldehyde 3-phosphate dehydrogenase (GAPDH), and for dysbindin-1 (Hs00225229 m1), NPY1R (Hs00702150_s1) and GNAO1 (Hs00221365_m1). The primer and probes for NRG-1 types I to IV were as described previously. 12, 16 The real-time PCR (TaqMan) detection of NRG-1 isoforms used the following oligonucleotides: type I, forward primer 5¢-GCCAATAT CACCATCGTGGAA-3¢, reverse primer 5¢-CCTTCAGTTGAGGCTGGCATA-3¢, probe 5¢-FAM-CAAACGAGATCATCACTGMGB-3¢; type II, forward primer 5¢-GAATCAAACGCTACATCTACATCCA-3¢, reverse primer 5¢-CCTTCTCCG CACATTTTACAAGA-3¢, probe 5¢-FAM-CACTGGGACAAGCC-MGB-3¢; type III, forward primer 5¢-CAGCCACAAACAACAGAAACTAATC-3¢, reverse primer 5¢-CCCAGTGGTGGATGTAGATGTAGA-3¢, probe 5¢-FAMCCAAAC TGCTCCTAAAC-MGB-3¢ and type IV, forward primer 5¢-GCTCCGGCAGC AGCAT-3¢, reverse primer 5¢-GAACCTGCAGCCGATTCCT-3¢, probe 5¢-FAM-ACCACAGCCTTGCCT-MGB-3¢ (purchased from Applied Biosystems). These primers were designed to amplify specific transcripts based on the unique exon structure of each isoform. Thus, for example, because isoform II lacks exons 5-7, primers complementary to sections of exons 4 and 8, which are contiguous in the isoform II transcript, will only amplify this isoform.
Real-time quantitative RT-PCR
Dysbindin-1 and NRG-1 mRNA expression levels were measured by real-time quantitative RT-PCR, using each combination of oligonucleotides and an ABI Prism 7900 sequence detection system with a 384-well format (Applied Biosystems). Each 20 ml PCR reaction contained 6 ml of complementary DNA, 900 nM of each primer, 250 nM of probe and 10 ml of TaqMan Universal PCR Master Mix (Applied Biosystems) containing AmpliTaq Gold DNA polymerase, AmpErase UNG, deoxyribonucleotide triphosphates with deoxyuridine triphosphate, a passive reference and optimized buffer components. The PCR cycling conditions were 50 1C for 2 min, 95 1C for 10 min, 40 cycles of 95 1C for 15 s and 59 1C or 601C for 1 min. PCR data were obtained using the Sequence Detector Software (version 2.1, Applied Biosystems) and were quantified by a standard curve method. This software plotted the real-time fluorescence intensity and selected the threshold within the linear phase of the amplicon profile. The software plotted a standard curve of the cycle at the threshold (C t ; where the fluorescence generated within a reaction and threshold cross) versus the quantity of RNA. All samples were measured in one plate for one target gene or isoform, and their C t -values were in the linear range of the standard curve. Experiments were typically performed three times with triplicate determinations and the expression level of each gene was determined by the average of the three independent experiments. Predicted C t -values and sample quantities were used for statistical analysis.
Statistical analysis
The individual Mann-Whitney U-test and the w 2 -test were used to compare means and categorical proportions, respectively. The groups did not differ with respect to age or gender ( Table 1 ). The differences in the mRNA levels of dysbindin-1, NRG-1 type II, NPY1R and GNAO1 between patients and controls were also analyzed by analysis of covariance, with diagnosis as the independent factor and sex and age as covariates. Spearman rank order correlation test was performed to assess the possible correlation between gene expressions and clinical characteristics.
RESULTS
To measure the expression levels of dysbindin-1 and NRG-1 in immortalized lymphocytes, standard curves were obtained using serial dilutions (1:4) of pooled complementary DNA prepared from 300 ng total RNA derived from immortalized lymphocytes. For NRG-1 types I, II, III and IV, the same amount of RNA from a postmortem brain (a kind gift from the Stanley Foundation) was also used as a positive control. The standard curves of two housekeeping genes, b-actin and GAPDH, and of dysbindin-1 showed that these genes were expressed in immortalized lymphocytes (Figures 1a-c) . Although the expression of NRG-1 type II was observed in immortalized lymphocytes, the expression levels of NRG-1 types I, III and IV Dysbindin-1 and NRG-1 expression in lymphoblasts H Yamamori et al were below the detection limit of the real-time quantitative RT-PCR assay (Figures 1d-g ). The expressions of NRG-1 types I, II, III and IV in the postmortem brain were confirmed by the real-time quantitative RT-PCR method, as previously reported (Figures 1d-g ). 12, 16 In each experiment for b-actin, GAPDH, dysbindin-1 and NRG-1 type II the R 2 -value of the standard curve was 40.99, and no-template control assays resulted in no detectable signal. The expression levels of b-actin and GAPDH were not significantly different between the 45 patients with schizophrenia and the 45 ageand sex-matched controls (Figure 2a) . No significant difference was observed between the 45 patients with schizophrenia and the 45 controls with respect to the expression of dysbindin-1 and NRG-1 type II normalized to the expression of b-actin or GAPDH (Figures 2b  and c A correlation test was performed to observe the influence of clinical characteristics on the expression levels of dysbindin-1 and NRG-1 type II in immortalized lymphocytes from patients with schizophrenia. None of the measurements of dysbindin-1 and NRG-1 type II expression normalized by b-actin and GAPDH expression correlated significantly with age, age of onset, duration of illness, chlorpromazine equivalents, positive and negative syndrome scale positive, negative or general psychopathology scores (Spearman rank order correlation test: all P40.1).
The expression levels of NPY1R and GNAO1, which were reported to be differentially expressed in schizophrenic immortalized lymphocytes, 25 were also measured to further assess the usefulness of immortalized lymphocytes from patients with schizophrenia. No significant difference was observed between the 45 patients with schizophrenia and the 45 controls with respect to the expression of NPY1R and GNAO1 normalized to the expression of b-actin or GAPDH (Figures 3a and b) (Mann-Whitney U-test: NPY1R/ b-actin; U¼949, P¼0.606, NPY1R/GAPDH; U¼949, P¼0.608, GNAO1/ b-actin; U¼932, P¼0.516, GNAO1/GAPDH; U¼965, P¼0.701). An analysis of covariance with sex and age as covariates did not alter the results (NPY1R/b-actin; F¼2.940, P¼0.090, NPY1R/GAPDH; F¼1.756, P¼0.189, GNAO1/b-actin; F¼0.004, P¼0.950, GNAO1/ GAPDH; F¼0.007, P¼0.935).
DISCUSSION
We confirmed the expression of dysbindin-1 and NRG-1 types I, II, III and IV in postmortem brain. 16 However, the expression levels of NRG-1 types I, III and IV were below the detection limit of the realtime quantitative RT-PCR assay, and only dysbindin-1 and NRG-1 type II expression was observed in immortalized lymphocytes. In the postmortem brain, the expression of dysbindin-1 has been reported to be lower in patients with schizophrenia than in controls. 14,15 NRG-1 type I in the postmortem brain has been reported to be higher in patients with schizophrenia than in controls, and the expression of NRG-1 types II, III and IV in the postmortem brain has been reported to show no significant difference between patients with schizophrenia and controls. 12, 16 In immortalized lymphocytes, we found no difference between patients with schizophrenia and controls with respect to the expression of dysbindin-1 and NRG-1 type II. The expression profile of NRG-1 type II in immortalized lymphocytes was consistent with that in the postmortem brain, but the expression profile of dysbindin-1 was not consistent with that in the postmortem brain. Our findings suggest that, in subjects with schizophrenia, the immortalized lymphocyte gene expression profile is different from that in postmortem brain tissue at least with respect to dysbindin-1 and NRG-1 genes. This difference in gene expression profile might be attributed to the differences of the tissue-specific regulation of gene expression and alternative splicing. Not only the tissue-specific regulation Dysbindin-1 and NRG-1 expression in lymphoblasts H Yamamori et al of gene expression but also the transformation process using EpsteinBar virus and culturing might have effect on this difference in gene expression profiles. The expression profile in postmortem brain might be affected by medication and environmental influences that could be removed in immortalized lymphocytes by this transformation and culturing process. We failed to replicate the abnormal expression of dysbindin-1 and NRG-1 in immortalized lymphocytes in our cohort, which consist of a much larger sample than that used in the previous study. The previous study showed that dysbindin-1 isoform A and NRG-1 type II isoform GGF2 in immortalized lymphocytes from patients with schizophrenia were decreased relative to that in controls. 28 This discrepancy might be attributed to the differences in the isoforms observed, the sample size, the ethnicity of the subjects and the sample preparation. In this study, we used approximately four times more subjects than the previous study, and we observed the total expression of the genes (that is, the combined expression of all isoforms) in a Japanese sample population. To clarify this discrepancy, we should observe the expression levels of all of the isoforms of the genes individually (that is, dysbindin-1 isoform A and NRG-1 type II isoform GGF).
We have also measured the mRNA expression levels of NPY1R and GNAO1, which were reported to be differentially expressed in schizophrenic immortalized lymphocytes, 25 using our cohort which consist of larger sample to further assess the usefulness of immortalized lymphocytes from patients with schizophrenia. We also failed to replicate the abnormal expression of NPY1R and GNAO1 in immortalized lymphocytes in our cohort, which consist of a much larger sample than that used in the previous study. This discrepancy might be attributed to the differences of the sample size, the ethnicity of the subjects or the sample preparation.
Although the dysbindin-1 and NRG-1 gene expression profiles in immortalized lymphocytes were different from those in postmortem brain tissue, it remains possible that immortalized lymphocytes could be good tools to determine the effect of genetic risks of the dysbindin-1 and NRG-1 genes on their expression, for example, the allele effects that have been reported to be associated with schizophrenia on their genes expressions. In immortalized lymphocytes, it might be difficult to observe the effect of dysbindin-1 and NRG-1 gene expression on their neuron-specific functions, for example, the effect of dysbindin-1 on glutamate and dopamine release, 5, 6, 29 and on the formation of synaptic vesicles 30 and the effect of NRG-1 on N-methyl D-aspartate receptor hypofunction. 31 However, we might be able to determine the effect of dysbindin-1 and NRG-1 genes expression on their functions which are common in multiple tissues using immortalized lymphocytes, for example, the effect of dysbindin-1 on phosphatidylinositol 3 kinase-Akt signaling 29 and the effect of NRG-1 on ErbB-Akt signaling. In fact, it has been reported that NRG-1-induced cell migration resulting from ErbB-Akt signaling is impaired in immortalized lymphocyte from patients with schizophrenia. 32 Further studies are required to assess whether immortalized lymphocytes are a good tool to determine the effect of genetic risks on their gene expression and whether immortalized lymphocytes are an appropriate alternative to neuronal tissue. Dysbindin-1 and NRG-1 expression in lymphoblasts H Yamamori et al
